Channelized melting drives thinning under a rapidly melting Antarctic ice shelf by Gourmelen, Noel et al.
Channelized Melting Drives Thinning Under a Rapidly
Melting Antarctic Ice Shelf
Noel Gourmelen1,2 , Dan N. Goldberg1, Kate Snow1, Sian F. Henley1 , Robert G. Bingham1 ,
Satoshi Kimura3,4,8 , Anna E. Hogg5 , Andrew Shepherd5 , Jeremie Mouginot6 ,
Jan T. M. Lenaerts7 , Stefan R. M. Ligtenberg7 , and Willem Jan van de Berg7
1School of GeoSciences, University of Edinburgh, Edinburgh, UK, 2IPGS UMR 7516, Université de Strasbourg, CNRS,
Strasbourg, France, 3Nansen Center and Bjerknes Centre for Climate Research, Bergen, Norway, 4British Antarctic Survey,
Cambridge, UK, 5Center for Polar Observation and Modelling, University of Leeds, Leeds, UK, 6Department of Earth System
Science, University of California, Irvine, CA, USA, 7Institute for Marine and Atmospheric Research Utrecht, Utrecht University,
Utrecht, Netherlands, 8Japan Agency for Marine-Earth Science and Technology, Yokosuka, Japan
Abstract Ice shelves play a vital role in regulating loss of grounded ice and in supplying freshwater to
coastal seas. However, melt variability within ice shelves is poorly constrained and may be instrumental in
driving ice shelf imbalance and collapse. High-resolution altimetry measurements from 2010 to 2016 show
that Dotson Ice Shelf (DIS), West Antarctica, thins in response to basal melting focused along a single
5 km-wide and 60 km-long channel extending from the ice shelf’s grounding zone to its calving front. If
focused thinning continues at present rates, the channel will melt through, and the ice shelf collapse, within
40–50 years, almost two centuries before collapse is projected from the average thinning rate. Our
ﬁndings provide evidence of basal melt-driven sub-ice shelf channel formation and its potential for
accelerating the weakening of ice shelves.
Plain Language Summary Ice shelves act as safety bands around the Antarctic ice sheet. Many ice
shelves are currently thinning, leading to acceleration of the grounded ice behind. Here we show that ice
shelves’ thinning is stronger along a channel structure formed by the ocean circulation under the ice shelf.
The thinning is 3 times higher than the ice shelf’s average, hence leading to a more rapid weakening of
the ice shelf. This study provides evidence of basal melt-driven sub-ice shelf channel formation and its
potential for accelerating the weakening of ice shelves.
1. Introduction
The majority of meteoric ice that forms in West Antarctica leaves the ice sheet through ﬂoating ice shelves,
many of which have been thinning substantially over the last 25 years (Holland et al., 2015; Paolo et al., 2015;
Pritchard et al., 2012; Shepherd et al., 2003). A signiﬁcant proportion of ice shelf thinning has been driven by
submarine melting (Depoorter et al., 2013; Rignot et al., 2013; Shepherd et al., 2003) facilitated by increased
access of relatively warm (>0.6°C) (Jacobs et al., 1996; Randall-Goodwin et al., 2015; Schoﬁeld et al., 2015)
modiﬁed Circumpolar Deep Water (CDW) to subshelf cavities (Dutrieux et al., 2014). Ice shelves play a signif-
icant role in stabilizing the ice sheet from runaway retreat (de Angelis & Skvarca, 2003; Pritchard et al., 2012;
Rott et al., 2002; Scambos et al., 2014; Shepherd et al., 2004) and regulating its contribution to sea level
change (Shepherd et al., 2012). Ice shelf melting has also been implicated in sustaining high primary produc-
tivity (PP) in Antarctica’s coastal seas (Arrigo et al., 2015) (Figure 1). However, these processes vary regionally
and are not fully understood. Under some ice shelves, concentrated melting leads to the formation of
inverted channels (Alley et al., 2016; Berger et al., 2017; Fricker et al., 2009; Le Brocq et al., 2013; Marsh
et al., 2016; Rignot & Steffen, 2008; Sergienko, 2013). These channels guide buoyant melt-laden outﬂow,
which can lead to localized melting of the sea ice cover (Mankoff et al., 2012). In extreme cases, the ice shelf
is considerably thinner along the channels, with example of channels reducing the ice shelf thickness by half
(Rignot & Steffen, 2008). The channels may potentially lead to heightened crevassing, which in turn affects ice
shelf stability (Vaughan et al., 2012). Meanwhile, numerical studies suggest that buttressing loss is sensitive to
the location of ice removal within an ice shelf (Fürst et al., 2015; Goldberg et al., 2012). Thus, it is important
that we observe spatial patterns, as well as magnitudes, of ice shelf thinning, in order to improve understand-
ing of the ocean drivers of thinning and of their impacts on ice shelf stability.
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Dotson Ice Shelf (DIS) is a 70 km long by 50 km wide ice shelf in the Amundsen Sector of West Antarctica
(Figure 1) which buttresses Kohler (KG) and Smith Glaciers (SG). In recent decades, KG and SG have exhibited
signiﬁcant thinning and retreat (Scheuchl et al., 2016). Between 1994 and 2012, DIS thinned at a constant
rate of 2.6 m yr1, a rate 37% above the Amundsen Sea sector mean (Paolo et al., 2015), and ice discharge
across the grounding line into the ice shelf increased by 180%, 30% above the Amundsen Sea sector mean
(Mouginot et al., 2014). The surface ocean in front of DIS is cooled to the surface freezing point in the winter
(Webber et al., 2017), and the upper ocean remains at or near the freezing point year round (Jacobs et al.,
2011; Kim et al., 2017); but a deep trough traverses the continental shelf (Figure 1b), which facilitates
CDW access to the subshelf cavity (Wåhlin et al., 2013), promoting high submarine melt rates. To date, only
a handful of estimates of melt rates under Dotson have been made. An annually averaged submarine-melt
rate of 7.8 ± 0.6 m yr1 was inferred from satellite data for the period 2003–2008 (Rignot et al., 2013). At the
grounding lines of KG, feeding DIS, melt rates of 40–70 m yr1 have been inferred from airborne observa-
tions (Khazendar et al., 2016). Hydrographic estimates from January 2011 (Randall-Goodwin et al., 2015)
suggested an ice removal rate of 81 Gt yr1—equivalent to a submarine-melt rate of ~15 m yr1 using
the same area baseline as the satellite estimate and an ice density of 917 kg m3. Meanwhile, a glider-based
estimate from January 2014 (Miles et al., 2016) suggested ~3.5 m yr1. The latter two measurements were
taken during the Austral summer, when melt rates are expected to be elevated and likely do not reﬂect the
annual average. Importantly, none of the above results provide a detailed spatial pattern of melt and thus
offer little capability for assessing the role of channels and small-scale features in deﬁning basal melt
concentration. This is important as understanding how Dotson Ice Shelf thins and is melted by the ocean
is critical to predicting the future contribution to sea level of the grounded ice draining through Kohler
and Smith glaciers.
2. Data and Methods
Regional-scale inferences of net melt at the ice shelf/ocean interface have relied on observations of ice shelf
surface elevation change. The resolution of such net basal melting is largely constrained by the spatial reso-
lution of the satellite altimetry measurements, which is on the order of tens of kilometers as a consequence of
satellite track separations and instrument footprint size (Paolo et al., 2015; Shepherd et al., 2003) (Figure S1 in
the supporting information).
Figure 1. Dotson Ice Shelf, Amundsen Sea Sector; ice discharge, primary productivity, topography and bathymetry. (a) Ice
ﬂow of grounded ice across the grounding line (white line) feeding ﬂoating ice shelves (DIS and Crosson Ice Shelf (CIS))
and regions of high annual primary productivity (APP) (Arrigo et al., 2015). (b) Bathymetry and topography in the region of
the DIS with the location of proﬁles (white lines) shown in Figure 1c; (c) DIS surface topography along the two proﬁles
across DISC shown in Figure 1b—Ice ﬂows out of page.
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In order to resolve elevation change at a spatial-scale commensurate with
observed ice shelf channels, we generate a new elevation dataset using
CryoSat-2 interferometric-swath radar altimetry acquired from 2010 to 2016
(Foresta et al., 2016). Swath processing leads to an order of magnitude higher
spatial density than conventional radar altimetry techniques (i.e., Point-
of-Closest-Approach), even over relatively ﬂat topography found in ice
shelves (Figure S1).
We then derive rates of surface elevation change _h between 2010 and 2016
from the time-dependent swath elevation (Figure 2). We use a Lagrangian
framework to derive _h as to avoid interference of advecting ice shelf topogra-
phy (Dutrieux et al., 2013; Moholdt et al., 2014). To this effect, we use ice velo-
city obtained from tracking of radar observation by the European Space
Agency Sentinel-1a mission between 2013 and 2016 (Rignot et al., 2011;
Rignot et al., 2017) (supporting information) to calculate and assign the posi-
tion that each CryoSat-2 swath elevation measurements would have had at
the beginning of the CryoSat-2 period, set at July 2010. The rates of surface
elevation change and a Digital Elevation Model are then derived using a
plane ﬁt approach (Foresta et al., 2016) applied to the swath CryoSat-2 eleva-
tions. The map of linear rates of surface elevation change between 2010 and
2016, _h, and the swath Digital Elevation Model, c2, is solved on a grid of 500 m posting. We use a simple
bilinear model within each 500 m grid cell to describe the spatial variation of topography:
z x; y; tð Þ ¼ c0x þ c1y þ _ht þ c2 (1)
where z is the CryoSat-2 elevation, x, y, t are easting, northing, and time, respectively, c0 and c1 the topogra-
phy slopes in the x and y direction, and c2 the surface elevation at the cell center.
The chosen spatial resolution of 500 m allows observations at the length scales comparable to features asso-
ciated with ice shelf melt variability of 500 m to 3 km (Alley et al., 2016; Dutrieux et al., 2013). We also quantify
the change in ice velocity during the survey time period which, together with the digital elevation model
(DEM), provide a measure of surface elevation change due to ice advection and ice divergence.
The melt rate of DIS is assessed through the following (Jenkins & Doake, 1991):
_m ¼ SMB _hþ S∇∙u
 
∙
1
1 ρice=ρocean
(2)
where _m is basal melt rate, SMB is the surface mass balance (van Wessem et al., 2016), ρice is ice density of
917 kg m3, ρocean nominal ocean density of 1,028 kg m
3, u is velocity, S is surface elevation from the
DEM, corrected for a 1.5 m penetration bias (Figure S3). All terms in the equation are contemporary; the
ice velocity spans a slightly shorter period (2013–2016) than the other terms (2011–2016). Ice velocity
differences between 2011 and 2013 are likely minimal since the Lagrangian treatment of the CryoSat
elevation shows no advection residual; this suggest that the slight mismatch between ice velocity and the
remainder of the balanced equation will have a negligible impact on the robustness of the calculated melt
rates. A more detailed discussion of the methodology can be found in the supporting information
(Arakawa & Lamb, 1977; Dehecq et al., 2015; Drews, 2016; Fretwell et al., 2013; Langley et al., 2014; Lenaerts
et al., 2012; Ligtenberg et al., 2011; McMillan et al., 2011; Medley et al., 2013; Mouginot et al., 2012; Ng &
King, 2011; Padman et al., 2002; Rignot et al., 2014; Timmermann et al., 2010; Trusel et al., 2013; Van
Wessem et al., 2014; Zwally et al., 2012).
3. Results
Themean rate of surface elevation change for thewhole of DIS between 2010 and 2016 is0.26 ± 0.03m yr1,
which is consistent within errors with the rate of 0.28 ± 0.03 m yr1 reported for 1994–2012 (Paolo et al.,
2015). Strikingly, however, the ﬁner resolution of our measurements enables us to discriminate parts of the
DIS where the absolute rates are signiﬁcantly larger, locally exceeding 1 m yr1. A feature, visible along the
Figure 2. Rates of surface elevation change of the Dotson Ice Shelf.
Lagrangian rates of surface elevation change between 2010 and 2016
from CryoSat-2 altimetry. Background shows Sentinel-1 radar images. Ice
surface velocity is shown (white arrows).
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western edge of the DIS, consists of a quasi-continuous ~5 km-wide band of negative elevation change
extending from the southern (landward) sector of the ice shelf to the ice shelf calving front (Figure 2).
Along this feature, henceforth termed the DIS Channel (DISC), the mean rate of elevation change is
0.76 ± 0.03 m yr1, which accounts for 30% of the total elevation change of DIS.
Along the DISC, ice is signiﬁcantly thinner than found elsewhere across the ice shelf, with surface elevation 10
to 20 m below the surrounding areas. The surface elevation depression is matched by a subshelf channel
incised upward into the ice to between 100 and 200 m (supporting information S2). While much of the recent
thinning of DIS has clearly been concentrated along the DISC, it is unknown for how long this process has
formed a major component of the ice shelf’s loss. From ice velocity measurements acquired in 2008, the
DISC can be discerned as a region of broad ice convergence, suggesting that focused basal melting was
already occurring there by 2008 (Rignot et al., 2013). Surface elevation change between 1991 and 2010,
computed from lower spatial resolution radar altimetry (Figure S5), shows that the broad region around
the DISC was lowering at rates of 0.5 m yr1, signiﬁcantly faster than the remainder of DIS that was lowering
at<0.1 m yr1. These indirect and sparse observations suggest that the localized thinning observed between
2010 and 2016 has been ongoing for at least two decades.
To elucidate the potential causes of the concentrated ice shelf thinning observed along the DISC, we consid-
ered various factors. A comparison of DIS’s velocity structure in 2015 with that of 2008 (Figure S9) shows that
changes in ice divergence could not be the cause of the observed signal in the altimetry data and hence
that the observed surface lowering does not have an ice-dynamic origin. We also eliminate any explanation
that invokes surface processes, because the magnitudes of changes related to surface processes are small
here (Figure S8) and no evidence of surface melt has been recorded (Kingslake et al., 2017). We propose that
the most likely explanation for the observed surface lowering is thinning caused bymelting at the base of the
ice shelf.
We ﬁnd that basal melt is concentrated at the grounding line of KG east and KG west and along the DISC
and that little melt occurs elsewhere under DIS (Figure 3). The total _m under DIS amounts to an average
basal melt of 6.1 ± 0.7 m yr1. The basal melting under the Kohler east and Kohler west grounding lines
dominates the total basal melt budget, with rates of up to 50 m yr1 (Figure 3), in agreement with values
of 40 to 70 m yr1 derived from local airborne surveys (Khazendar et al., 2016). Elsewhere in DIS, basal
melt is concentrated along the DISC, averaging 14 m yr1 (Figure 3). The channelized melt pattern is con-
tinuous, from the grounding zone of Kohler east to DIS’s calving front. We observe continuous melt across
a series of pinning points between Kohler east and DIS, indicating that this region of the DIS, near Kohler
Figure 3. Total basal melt rates of the Dotson Ice Shelf. (left) Spatial distribution of basal melt rates, location of proﬁles
indicated by dashed curves. The proﬁles showmelt rates across the ice shelf from the Kohler east grounding line (A-A0) and
Kohler west grounding line (B-B0), and along the DISC (C-C0). Location of pinning points (P) identiﬁed in text and Kohler
east and Kohler west glaciers.
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east, is ungrounded at the time of our observations, supporting observation of ongoing grounding line
retreat (Scheuchl et al., 2016).
4. Discussion
A large number of channels observed around Antarctica are thought to be driven by subglacial runoff (Drews
et al., 2017; Le Brocq et al., 2013). However, the size of runoff-driven melt channels generated at the ground-
ing lines is known to diminish with the distance from the grounding line (Drews, 2016; Dutrieux et al., 2014; Le
Brocq et al., 2013). This is counter to our observations along the DISC showing sustained melt rate and thin-
ning along the entire length of the channel (Figure 3). We therefore suggest that DISC is mainly the result of
ocean forcing rather than related to subglacial or grounding line processes. This is in agreement with Alley
et al. (2016), who classify the majority of sub-ice shelf channels in the Amundsen and Bellingshausen (includ-
ing DISC) as “ocean sourced,” as opposed to being driven by subglacial runoff (subglacially sourced). The
authors attribute this to the extensive CDW on the continental shelf. It is generally thought that CDW enters
DIS cavity by way of a trough at the ice shelf front (Wåhlin et al., 2013), though new estimates of bathymetry
suggest a connection with Crosson Ice Shelf in the southeast corner of Dotson, near the Kohler East ground-
ing line (Millan et al., 2017). Thus, it is conceivable that some of the forcing originates from the east, in Pine
Island Bay.
Regardless of the CDW source, the location of the meltwater outﬂow is a straightforward consequence of
ocean physics: warm water, originating at depth and becoming buoyant due to melt freshening, ﬂows along
the ice shelf bottom and is guided to the left by Coriolis forces. Ocean circulation and ice thinning then self-
organize to yield the thinning pattern observed. Evidence of this process is given by the observation of ele-
vated melt on the Coriolis-favored side of DISC (Figure S7) supporting the hypothesis that water ﬂowing
within DISC is deﬂected by Coriolis and thus is guided by the channel itself. This conceptual method of chan-
nel formation is distinct from that of subglacially sourced channels such as that observed in Roi Baudoin ice
shelf (Drews et al., 2017), as the buoyant driver required for the high velocities that lead to ampliﬁed melt
(Jenkins, 2011) comes from the melt itself, not the fresh subglacial runoff. This may be why the melt (and
hence the channel) can persist to the ice shelf front, rather than diminishing with distance from the ground-
ing line, and suggests that the presence of CDW is prerequisite for the DISC to exist.
We point out that to show conclusively that the location of DISC is a result of such self-organization would
require sophisticated coupled ice-ocean modeling of DIS and its cavity. Modeling studies which have inves-
tigated coupled ice-ocean dynamics of idealized ice shelves forced by warm waters (Goldberg et al., 2012;
Sergienko, 2013) have spontaneously yielded marginal melt-driven channels in absence of subglacial runoff,
suggesting self-organization can occur.
Upon examination of transverse surface and basal proﬁles (Figures 1c, 4, and supporting information section
S2), most proﬁles exhibit the asymmetry demonstrated by Alley et al. (2016) with the apex of melting
Figure 4. Observed and projected thickness evolution of the Dotson Ice Shelf. Between 2010 and 2016 DIS has lost an
average of 7 m of ice along the DISC with very little thinning elsewhere with the exception of the KG grounding line.
Elevation change from lower resolution observations between 1991 and 2010 (green solid line) show that thinning at DISC
has been taking place over the last 25 years. Colored dashed lines are a simple projection of ice thickness across the
channel (see Figure 1c for location) if current thinning rates were to persist.
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occurring on the Coriolis-favored side of the channel (Figure S7), which is thought to be caused by geos-
trophic “slumping” of the fast-ﬂowing water to the Coriolis-favored side. The observed asymmetry is variable
along the channel which is consistent with an ocean-sourced mechanism, a number of factors (e.g., water
velocity, mixed layer depth, and steepness of the ice shelf base in the ﬂow direction) govern the relative
importance of the Coriolis force. Moreover, suggestion that asymmetry might be less strong where melting
is higher (Dutrieux et al., 2013) could also explain the variability in observed asymmetry along the channel.
Our observations have implications for the stability of DIS. A simple forward projection using the currently
observed pattern and rates of thinning leads to complete melt through of the DISC within 40 years
(Figure 4); 170 years earlier than DIS would thin to zero using the ice shelf averaged thinning rate although
considerable uncertainties are attached to this projection. While the forward projection of current rates of
thinning implicitly takes into account current melting, advection, and dynamic thinning rates, it discounts
the possibility that they will likely change as the ice thins, and it is known that a moderate acceleration of
DIS ﬂow is ongoing (McMillan et al., 2012; Mouginot et al., 2014). In this respect, the location of ampliﬁed
thinning may be critical. Recent studies have shown that the stability of many ice shelves, as well as the
response of grounded ice, is critically sensitive to buttressing at the shear margins (Borstad et al., 2013;
Fürst et al., 2016; Goldberg et al., 2012), which can be limited by marginal thinning. Moreover, while deeply
incised channels have been observed to nearly melt through ice shelves (Rignot & Steffen, 2008), additional
processes could be taking place as DISC continues to thin and before it reaches complete melt through;
ampliﬁed thinning along shear margins will lead to increased rates of crevassing, further weakening the
buttressing ability of DIS and accelerating the potential for ice shelf collapse (Alley et al., 2016;
Khazendar et al., 2007, 2011).
The extent to which the present thinning will sustain is also uncertain as the timing of the ocean perturbation
that has led to the current imbalance is unknown. As indicated above, DIS has likely been melting out of bal-
ance for two decades or more. Numerical experiments suggest that an ice shelf exposed to persistent melt
reaches an equilibrium on a time scale commensurate with the ice shelf residence time; i.e., the average time
it takes for a column of ice to traverse the shelf (Goldberg et al., 2012; Little et al., 2012; Seroussi et al., 2017).
For DIS this time scale is 50–100 years, suggesting that the high melt rates observed now originated in the
twentieth century.
The prominence of localized, along-channel ice shelf thinning in the high-resolution satellite altimetry record
across DIS has allowed us here to explore ocean-driven sub-ice shelf melting processes. Ice shelf thinning due
to channelized ocean-sourced melting has seldom been observed across Antarctic ice shelves, likely not
because the process is absent, but because the resolution of observations and complexities such as advection
of complex topographymakes it more difﬁcult to identify. The increasing availability of high spatial resolution
altimetry and of ice velocity observation at sufﬁcient temporal resolution will greatly help the global identi-
ﬁcation of basal channelization under ice shelves. Episodic polynya formation at the fronts of other key ice
shelves, such as at Pine Island Glacier (Mankoff et al., 2012), testiﬁes to the existence of large subshelf chan-
nels elsewhere. Moreover, the ice shelf characteristics most key to the occurrence of ocean-driven channe-
lized melting—exposure to intrusion of warm CDW and position in a semiclosed embayment—are
common for a number of Antarctic ice shelves. It is therefore likely that the pattern and importance of
melt-driven thinning along boundaries or shear margins of ice shelves we have identiﬁed here is widespread
and is currently weakening ice shelves elsewhere around Antarctica.
5. Conclusions
We demonstrate that swath processing of CryoSat-2 data can lead to 1 order of magnitude increase in eleva-
tion measurement over ice shelves, providing the possibility to derive a unique set of global and detailed
observations of time-dependent melt rates along ice shelves’ channels. Using these high-resolution measure-
ments of time-dependent elevation change, we show that channelized thinning has been taking place at the
Dotson Ice Shelf between the years 2010 and 2016 and that out-of-balance thinning has likely been sustained
for the last 25 years. Unlike observations at other ice shelves, we ﬁnd here that channelized thinning is sus-
tained from the grounding line up to the ice shelf’s calving front and is caused by elevated basal melting
located on the Coriolis-favored side of the channel forced by ocean circulation within the subshelf cavity.
The subshelf channel incises 100 to 200 m into the shelf and exceeds in place the thickness of the ice
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above; if current thinning rates persist, the channel would melt through by the end of the century. It is how-
ever likely that the ice shelf will respond to the imbalance before this occurs, potentially leading to an exten-
sion of the region of thinning, increased calving or potential collapse although the nature of this response is
uncertain. Whatever the type of response, continued thinning and or collapse of DIS, it will lead to increase
discharge of the grounded ice draining into the Dotson and Crosson ice shelves.
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